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Depolarization Drives -Catenin
into Neuronal Spines Promoting Changes
in Synaptic Structure and Function
of adhesion molecules that play a role in synaptic plas-
ticity. Antibodies or peptides to the classic cadherins
(Bozdagi et al., 2000; Tang et al., 1998) can interfere
with the induction of long-term potentiation (LTP), a per-
sistent enhancement of synaptic transmission. An in-
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Pasadena, California 91125 crease in the number of cadherin-positive synaptic sites
has been observed during late-phase LTP (L-LTP) (Boz-
dagi et al., 2000). These observations are consistent
with a role for cadherins in initiating and maintaining theSummary
synaptic changes that occur during LTP. In contrast,
another study found that LTP was enhanced in hippo-Activity-induced changes in adhesion molecules may
coordinate presynaptic and postsynaptic plasticity. campal slices prepared from mice that express a trun-
cated version of a specific cadherin, cadherin-11 (Ma-Here, we demonstrate that -catenin, which mediates
interactions between cadherins and the actin cyto- nabe et al., 2000), suggesting that cadherins might also
limit the formation of plasticity under some conditions.skeleton, moves from dendritic shafts into spines upon
depolarization, increasing its association with cadher- Cadherins are Ca2-dependent, homophilic adhesion
molecules with extracellular domains that span cellularins. -catenin’s redistribution was mimicked or pre-
vented by a tyrosine kinase or phosphatase inhibitor, junctions and intracellular domains that associate with
proteins that interact with the cytoskeleton (Takeichi,respectively. Point mutations of -catenin’s tyrosine
654 altered the shaft/spine distribution: Y654F--cat- 1990). -catenin is the primary partner of cadherin
(Ozawa et al., 1990); it directly associates with the cyto-enin-GFP (phosphorylation-prevented) was concen-
trated in spines, whereas Y654E--catenin-GFP (phos- plasmic domain of cadherin as well as -catenin, which
in turn mediates interactions with the cytoskeleton pro-phorylation-mimic) accumulated in dendritic shafts. In
Y654F-expressing neurons, the PSD-95 or associated tein F-actin (Hirano et al., 1992; Nagafuchi et al., 1994).
Phosphorylation of -catenin on Tyr residues reducessynapsin-I clusters were larger than those observed
in either wild-type--catenin or also Y654E-expressing the affinity of -catenin for cadherin (Roura et al., 1999)
and, thus, downregulates cadherin-mediated cell adhe-neurons. Y654F-expressing neurons exhibited a higher
minifrequency. Thus, neural activity induces -caten- sion, consequently promoting cell migration (Muller et
al., 1999; Ozawa and Kemler, 1998; Sommers et al.,in’s redistribution into spines, where it interacts with
cadherin to influence synaptic size and strength. 1994) and neurite outgrowth (Pathre et al., 2001). Both
cadherins and -catenin are tightly associated with the
core proteins that make up the synaptic complex (HusiIntroduction
et al., 2000; Phillips et al., 2001). Immunolabeling studies
indicate that cadherins and -catenin are present atA long-held view is that morphological changes at syn-
apses provide the substrate for long-term information synapses (Beesley et al., 1995; Bozdagi et al., 2000;
Fannon and Colman, 1996; Tang et al., 1998; Uchida etstorage in the nervous system (Hebb, 1949). Recent
observations of new dendritic spine formation during al., 1996). Immunogold labeling of synaptic membrane
complexes (Phillips et al., 2001) or hippocampal slicesplasticity provide support for this idea (Engert and Bon-
hoeffer, 1999; Maletic-Savatic et al., 1999; Toni et al., (Bozdagi et al., 2000) show that N-cadherin is associated
with presynaptic and postsynaptic junctions and can be1999). The all-or-none growth and retraction of synaptic
connections is a straightforward mechanism for increas- observed on both sides of the cleft.
The association of cadherin and-catenin with synap-ing or decreasing the influence of one neuron on an-
other. At the level of the individual synapse, however, tic complexes suggests a role for -catenin in cadherin-
dependent synaptic regulation. In other cellular sys-there likely exists the capacity for growth or shrinkage
of the synapse within the existing macroscopic structure tems, the subcellular localization of -catenin is dynami-
cally regulated by ligand-receptor interactions at the cellof the postsynaptic spine and the presynaptic nerve
terminal. For example, the postsynaptic density (PSD) surface (Behrens et al., 1996; Molenaar et al., 1996).
We hypothesized that the localization of -catenin at(Cohen et al., 1977), which is defined as the electron-
dense structure that contains neurotransmitter recep- neuronal synapses is regulated by synaptic events. Fol-
lowing depolarization of hippocampal slices, we ob-tors, signaling, and scaffolding molecules and cyto-
skeletal elements, can be variable in size (Harris and served the accumulation of -catenin at synaptic sites.
To explore the mechanisms of this redistribution, weStevens, 1989a, 1989b), as can the size or number of
active zones found in the presynaptic terminal (Schikor- expressed an EGFP--catenin fusion protein and visual-
ized its activity-dependent dynamics in cultured hippo-ski and Stevens, 1999).
Activity-dependent changes at synapses are likely or- campal neurons.
chestrated by cell adhesion molecules, which mediate
synaptic connections and interact with the cytoskeleton Depolarization Causes an Increase in Synaptic
(Murase and Schuman, 1999). The cadherins are a family -Catenin in Hippocampal Slices
We compared the pattern of immunostaining for endog-
enous -catenin in adjacent hippocampal slices briefly1Correspondence: schumane@its.caltech.edu
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Figure 1. Depolarization Causes an Accumu-
lation of -Catenin at Synapses in Hippocam-
pal Slices
(A) Immunostaining of endogenous -cat-
enin. Both the mean area and intensity of
-catenin puncta (B and C) are larger in the
depolarized or genistein-treated slices rela-
tive to control (n  15 slices for each group).
Both the mean area (D) and intensity (E) of
synaptic -catenin puncta are larger in the
depolarized or genistein-treated slices (n 
15 slices for each group).
Scale bar  10 m.
exposed to either normal ACSF (artificial cerebrospinal sity of -catenin puncta that were synaptically localized
(Figures 1D and 1E). Taken together, these results sug-fluid) or a depolarizing solution containing a high con-
centration of KCl. We conducted a blind analysis of the gest that the depolarization induces an increase of
-catenin at synaptic sites by redistributing preexistingsize and intensity of -catenin-positive spots (puncta).
Slices that were depolarized exhibited increased size molecules.
and intensity of -catenin-positive puncta when com-
pared to control slices (Figures 1A–1C). The depolariza- Depolarization Causes a Redistribution
of EGFP--Catenintion-induced increase in -catenin fluorescence could
result from new protein synthesis or a redistribution of In order to examine both the dynamics and molecular
mechanisms of -catenin’s redistribution, we expresseddispersed-catenin molecules that are below the detec-
tion threshold of our imaging system. The protein syn- an EGFP--catenin fusion protein in cultured hippocam-
pal neurons. EGFP--catenin fluorescence signals werethesis inhibitor anisomycin decreased the total amount
of -catenin, but did not block the depolarization- present in the soma, dendrites, and spines of cultured
hippocampal neurons (Figure 2A); unlike the staininginduced increase in synaptic-catenin (mean area [m2 ]
and intensity [au], respectively, for control: 0.59  0.01, for endogenous -catenin in slices, the EGFP--catenin
fusion protein was clearly present in dendritic shafts.18.68  0.12; depolarized: 0.97  0.02, 21.32  0.14;
p  0.001]. Most (e.g., 75%) of the -catenin puncta EGFP--catenin signals were also often detected in the
proximal axon but usually could not be observed atobserved in control or stimulated slices colocalized with
the synaptic marker PSD-95 (Cho et al., 1992). By con- distances greater than 100 m or so from the soma. A
large percentage (82.5%) of all EGFP--catenin-con-trast, the-catenin-positive puncta that overlapped with
immunostaining for the glial fibrillary acidic protein taining spines were associated with synapsin-I labeling
(DeCamilli et al., 1983) (Figure 7E). EGFP--catenin sig-(GFAP) was very low (1.3%). We next examined
whether depolarization affects the synaptic population nals were also associated spots labeled by FM4-64 (Fig-
ure 8A), a lipophilic, fluorescent dye taken up by activeof -catenin by restricting our analysis to those
-catenin spots that were overlapping with PSD-95 la- presynaptic terminals (Ryan et al., 1997). The overlap
between the EGFP--catenin signal and FM4-64 thusbeling. Depolarization also increased the size and inten-
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Figure 2. Depolarization Causes a Redistribution of EGFP--Catenin from Dendritic Shafts to Spines
(A) Hippocampal neuron expressing EGFP--catenin.
(B) Time-lapse images, before and after depolarization, of a dendrite containing EGFP--catenin. Prior to stimulation, the distribution of EGFP-
-catenin was stable. After depolarization (yellow bar), the spines became brighter and the shaft becomes dimmer, reflecting the redistribution
of EGFP--catenin. The depolarization-induced redistribution was prevented by an NMDA-receptor antagonist (APV).
(C) Summary graphs for neurons treated with KCl (left, n  7) and neurons treated with KCl  APV (right, n  5). In this and all subsequent
graphs, the data are normalized to the baseline (the first image acquired) and represent the mean  SEM.
Scale bar: 20 m in (A) and 5 m in (B).
indicates that the EGFP--catenin-containing spines containing high KCl. Depolarization induced a signifi-
cant increase in EGFP--catenin fluorescence in spineshave connections with active presynaptic terminals.
In the absence of exogenous stimulation, the distribu- and a concomitant decrease in fluorescence in dendritic
shaft regions (Figures 2B and 2C); a control solutiontion of -catenin in neuronal spines and dendrites was
relatively constant (Figure 2B). To determine whether exchange caused no change in EGFP--catenin distri-
bution. The redistribution of -catenin was persistent,synaptic activity affects the distribution of -catenin, we
briefly depolarized neurons by an application of solution lasting at least 90 min following depolarization. We de-
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Figure 3. Depolarization Increases the Asso-
ciation of -Catenin and Cadherin
In (A) and (C), coimmunoprecipitation of en-
dogenous -catenin with cadherin using anti-
cadherin (pancadherin) antibody from control
or KCl-stimulated hippocampal neuron ly-
sates (A) or synaptosomes (C). Quantification
of band intensities of -catenin and cadherin
in lysates (B) (n  4 and synaptosomes (D)
(n  5).
termined whether activation of the NMDA receptor was is caused by a bona fide redistribution of preexisting
EGFP--catenin.involved in the depolarization-induced redistribution of
-catenin. The effect of KCl stimulation was completely
blocked by an NMDA receptor antagonist (APV, 100 M) Depolarization Increases the Association
of -Catenin with Cadherin(Figures 2B and 2C), indicating that the redistribution is
caused by synaptic activation of NMDA-type glutamate Because cadherins are concentrated at synaptic sites
in neurons, the redistribution of EGFP--catenin intoreceptors.
We next examined whether locally regulated -cat- spines might be due to an increased affinity for cadher-
ins. We thus determined whether depolarization changedenin degradation could contribute to the redistribution.
-catenin signaling is known to be regulated by the the interaction of -catenin and cadherin molecules.
Cadherins were immunoprecipitated (using a pan-cadh-proteasome pathway (e.g., Aberle et al., 1997; Orford et
al., 1997), and the deletion of the N-terminal sequence erin antibody) from control and depolarized hippocam-
pal slices and then probed with an anti--catenin anti-of -catenin, which contains a consensus ubiquitination
sequence, significantly stabilizes the molecule (Barth et body. The amount of -catenin coimmunoprecipitated
with cadherin was significantly increased by depolariza-al., 1997; Munemitsu et al., 1996). However, we found
that expression of the N-terminal deletion mutant EGFP- tion (Figure 3). To address specifically the association
of synaptic cadherins and -catenin, we prepared syn-d49--catenin still exhibited the depolarization-induced
redistribution, suggesting the ubiquitin-proteasome aptosomes (Meffert et al., 1994) from control or depolar-
ized slices. Cadherins immunoprecipitated from depo-pathway does not contribute to the observed changes
(mean percent fluorescence at 90 min: total, 100.4%  larized synaptosomes also possessed increased amounts
of coimmunoprecipitated -catenin (Figures 3C and 3D).3.1%; spine, 122.6%  6.5%; shaft, 94.0%  2.6%;
n  3). In addition, a Western blot analysis revealed no The increased association of cadherin and -catenin
was blocked by APV (Figure 3D), consistent with thesignificant difference in the amount of intact -catenin,
ubiquitinated -catenin (higher bands), or degraded results from our time-lapse imaging experiments. These
results indicate that depolarization increases the associ--catenin (lower bands) observed in untreated or KCl-
stimulated neuron lysates (which can also include glia) ation of -catenin with synaptic cadherin molecules,
concentrating -catenin in spines.(data not shown). Furthermore, preincubation with ani-
somycin did not block the effects of depolarization, indi-
cating that protein synthesis is not required for the redis- Application of a Tyrosine Kinase Inhibitor Mimics
the Effects of Depolarizationtribution (mean percent fluorescence at 90 min: total,
91.8%  3.1%; spine, 127.1%  1.3%; shaft, 74.2%  The interaction of -catenin with cadherins is known to
be regulated by tyrosine (Tyr) phosphorylation (Muller1.2%; n  2). Taken together, these results suggest the
fluorescence pattern change induced by depolarization et al., 1999; Ozawa and Kemler, 1998; Pathre et al., 2001;
-Catenin Dynamics in Neurons
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Figure 4. Application of Tyrosine Kinase Inhibitor Mimics the Effects of Depolarization on the Redistribution of EGFP--Catenin; Application
of a Tyrosine Phosphatase Inhibitor Produces the Opposite Pattern
(A) Time-lapse images, before and and after treatment. The arrowheads indicate spines that are significantly brighter after the drug application.
(B) Summary graph showing relative fluorescence intensities. From left to right, n  5, n  5, n  5, n  5, and n  4, respectively.
Scale bar  10 m.
Roura et al., 1999; Sommers et al., 1994). To determine ization. Indeed, this was observed: treatment with the
tyrosine phosphatase inhibitor orthovanadate resultedwhether tyrosine phosphorylation plays a role in
-catenin localization, we applied a general Tyr kinase in an aggregation of -catenin in dendritic shafts (Fig-
ures 4A and 4B). Orthovanadate also blocked the EGFP-inhibitor, genistein, and examined the distribution of
-catenin in hippocampal slices. As was observed fol- -catenin redistribution induced by both genistein and
depolarization (Figures 4A and 4B). To examine whetherlowing depolarization, the application of genistein re-
sulted in an enhanced synaptic localization of -catenin changes in actin stability underlie the redistribution, we
applied cytochalasin D (cyto D) (10 M), an actin poly-(Figures 1A–1E). We examined the dynamics of this re-
distribution by monitoring EGFP--catenin localization merase inhibitor, or latrunculin A (lat-A) (10 M), a mole-
cule that prevents actin polymerization. Neither drugin cultured neurons. Following genistein application, the
EGFP--catenin signal in spines increased, while the blocked the effects of depolarization (mean percent fluo-
rescence @ 90 min: cyto D: total, 76.2% 10.5%; spine,signal in the dendritic shaft decreased (Figures 4A and
4B), mimicking the effect of depolarization. Genistin, 121.3% 0.9%; shaft, 48.3% 5.1%; n 2; lat-A: total,
97.2%  2.8%; spine, 117.5%  1.2%; shaft, 90.4% an inactive analog of genistein, did not induce EGFP-
-catenin redistribution. Inhibition of tyrosine kinases 2.2%; n 3). These results suggest that the acute redis-
tribution of EGFP--catenin induced by depolarizationalso increased the association of-catenin and cadherin
in depolarized synaptosomes (Figures 3C and 3D). Thus, does not depend on actin stability.
inhibition of tyrosine kinases causes redistribution of
-catenin and increased association with synaptic Mutation of a Tyr Residue in -Catenin
Blocks the Redistributioncadherins—the same effects that were observed follow-
ing depolarization. These results suggest that depolar- We tested whether the tyrosine phosphorylation state
of EGFP--catenin can alter its localization by alteringization may alter -catenin’s localization by either inhib-
iting a tyrosine kinase or activating a phosphatase. a residue of -catenin (Tyr-654); phosphorylation of this
residue by Src family kinases is known to greatly de-The observation that tyrosine kinase inhibition can
alter the localization of -catenin suggests the presence crease the affinity of -catenin for cadherin (Bonvini et
al., 2001; Roura et al., 1999). We analyzed the basalof a dynamic tyrosine phosphatase activity. If this is
the case, then inhibiting tyrosine phosphatase activity spine-shaft distributions of two different -catenin point
mutants, Y654E (Tyr-654 altered to Glu, in which theshould produce the opposite pattern of -catenin local-
Neuron
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Figure 5. Mutation of a -Catenin Tyrosine Residue Is Sufficient to Cause Redistribution
(A) Two representative images for each group: wild-type, Y654E (phosphorylation mimic), and Y654F (phosphorylation inhibited).
(B) Summary data showing the mean spine/shaft ratios for the distribution of EGFP--catenin; both Y654E and Y654F differed significantly
from wild-type (p  0.05).
Scale bar  10 m.
negative charge mimics the phosphorylated state) and of neurons with the Y654F-GFP virus had no effect on
the spine localization of Y654F--catenin (spine/shaftY654F (Tyr-654 altered to Phe, which has the same aro-
matic group as Tyr, but cannot be phosphorylated), rea- ratio: control, 1.420.13; APV, 1.390.21), although we
show in Figure 2 that all of the depolarization-inducedsoning that these mutations might serve as tools to
examine the extreme cases of -catenin localization. redistribution of -catenin is blocked by APV. This result
indicates that while inhibiting the phosphorylation ofWe found that the manipulation of this single phosphory-
lation site produced dramatic changes in the spine/shaft Y654 is sufficient to drive-catenin into dendritic spines,
synaptic activity is not required for this effect.ratios of EGFP--catenin (Figure 5). TheY654E (phos-
phorylation-mimic) mutant exhibited significantly greater
fluorescence in the shaft when compared to wild-type -Catenin Redistribution Regulates Subsynaptic
Structure and FunctionEGFP--catenin, whereas the Y654F (phosphorylation
inhibited) mutant exhibited significantly greater fluores- The binding of - and -catenin to cadherin is the first
event in cadherin-mediated cell-cell adhesion, formingcence in the spine (Figure 5). These results indicate that
a single amino acid (Y654) can control the distribution focal cadherin-cadherin interaction sites that are then
zipped together into expanded contact areas (Adamsof -catenin in dendritic shafts or spines.
We then examined the effects of these point mutations on et al., 1996). As such, the translocation of -catenin into
spines may promote the local expansion of synapticthe depolarization-induced redistribution of EGFP--cat-
enin. In Y654E-expressing neurons, the redistribution contacts. To address this issue, we examined the mor-
phological and electrophysiological properties of neu-induced by either KCl stimulation or genistein application
was completely prevented (Figure 6). In Y654F-expressing ronal synapses expressing wild-type, Y654E-, and
Y654F--catenin. We first determined whether the den-neurons, however, both depolarization and genistein re-
sulted in a redistribution similar to that observed in the sity of dendritic spines was altered in either of the mu-
tants: it was not; there was no significant difference inwild-type (Figure 6). Because the Y654F--catenin can
still undergo depolarization-induced redistribution, we the density of spines measured in wild-type, Y654E-, or
Y654F--catenin-expressing neurons (Figure 7A).examined whether the predominantly spine-associated
basal localization of Y654F--catenin (Figure 5) is due Do changes in spine -catenin concentration result
in changes in the size of the postsynaptic density? Toto endogenous synaptic activation of NMDA receptors.
APV applied in the bath immediately following infection address this, we conducted fluorescent immunolabeling
-Catenin Dynamics in Neurons
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Figure 6. Mutation of a -Catenin Tyrosine Residue Can Alter Depolarization-Induced Redistribution
(A) Y654E, but not Y654F, mutants do not redistribute following either KCl or genistein treatment.
(B) Summary graphs. From left to right, n  6, n  5, n  5, and n  4, respectively.
Scale bar  10 m.
for the postsynaptic protein PSD-95, a prominent com- Because cadherins are homophilic adhesion mole-
cules present at synapses, we reasoned that a postsyn-ponent of the postsynaptic density in forebrain neurons
(Cho et al., 1992). We conducted blind analysis of the aptically driven increase in the association of -catenin
with cadherin might also promote coordinate changesnumber, size, and intensity of PSD-95 puncta in wild-
type, Y654E-, or Y654F--catenin-expressing neurons. across the synapse in presynaptic structures, potentially
via trans-synaptic interactions of cadherins. Two recentThe number of PSD-95 puncta expressed in a given
length of dendrite did not differ between groups, consis- studies have observed increases in immunolabeling for
presynaptic proteins following synaptic plasticity (An-tent with the above observation that the number of
spines did not differ between groups. The size and inten- tonova et al., 2001; Bozdagi et al., 2000). We thus
conducted a similar analysis of a presynaptic protein,sity of the PSD95 puncta, however, were altered by point
mutations of -catenin (Figures 7B and 7C). In Y654F- synapsin-I, asking whether the size or intensity of synap-
sin-I-positive puncta are altered by the expression ofexpressing neurons, the size of the PSD-95 puncta was
significantly larger than those of either the Y654E- or either -catenin (Y654E or Y654F) mutant. We analyzed
(blind) only the synapsin-I-positive puncta that were as-wild-type -catenin-expressing cells, which did not dif-
fer significantly from one another (Figures 7B and 7C). In sociated with spines from a -catenin-GFP-expressing
neuron. Both the size and intensity of synapsin-I punctaaddition, the intensity of the PSD-95-containing puncta
was substantially lower in the Y654E-expressing neu- from Y654F mutants were significantly enhanced, rela-
tive to wild-type or Y654E-expressing cells (Figures 7Drons (Figures 7B and 7C) and slightly, but significantly,
lower in the Y654F-expressing neurons. Thus, the Y654F and 7E). In contrast, the synapsin-I clusters in Y654E-
expressing neurons were significantly smaller and lessmutants possessed larger PSD-95 spots, whereas the
Y654E mutants possessed PSD-95 puncta of the same intense than those observed in wild-type or Y654F-
expressing cells (Figures 7D and 7E). These data showsize, but of lesser intensity. These data suggest that
increasing or decreasing the concentration of -catenin that increases in spine -catenin are associated with
increases in the size and intensity of synapsin-I clusters,in spines via a point mutation is sufficient to produce
changes in the size and “density” of the PSD. whereas decreases in spine -catenin are associated
Neuron
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Figure 7. Mutation of a -Catenin Tyrosine Residue Affects the Size and Intensity of Presynaptic and Postsynaptic Protein Clusters
(A) The mean number of spines did not differ between the groups, with n  22, n  22, and n  22, respectively.
(B) EGFP--catenin with anti-PSD95 immunostaining.
(C) Summary data (n  12 for each group).
(D) EGFP--catenin and anti-synapsin I immunostaining.
(E) Summary data (n  10 for each group).
Scale bar: 20 m in (B) and (D).
with smaller and less intense synapsin-I clusters. We centration of -catenin in spines can drive changes in
presynaptic protein clustering across the synapticbelieve it is improbable that the changes in synapsin-I
clusters that we observed were due to a presynaptic junction.
Are the -catenin-induced changes in synaptic pro-localization of -catenin-GFP. It is quite unlikely that a
-catenin-GFP-expressing neuron possessed presyn- teins accompanied by changes in the function of the
synapse? To test this, we first examined whether thereaptic connections originating from itself other neurons
that were expressing -catenin-GFP for the following are changes in presynaptic function using FM4-64, a
lipophilic, fluorescent dye taken up by active presynap-reasons. (1) Only a very small (0.5%) percentage of
neurons within the dish were expressing the -catenin- tic terminals (Ryan et al., 1997). We analyzed the FM4-
64-labeled puncta associated with spines from neuronsGFP construct. (2) The experiments were conducted
in high-density cultures (40,000–50,000 cells/cm2 ). (3) expressing either wild-type, Y654E-, or Y654F--cat-
enin-GFP. As shown in Figures 8A–8C, we found thatAxonal varicosities containing -catenin-GFP were
never observed in the vicinity of the neurons we ana- the extent of FM4-64 labeling was well predicted by
the relative abundance of -catenin in spines: Y654F-lyzed. Therefore, these data suggest that the local con-
-Catenin Dynamics in Neurons
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Figure 8. Mutation of a -Catenin Tyrosine Residue Affects Presynaptic Activity and Synaptic Transmission
(A–C) Representative images of FM4-64 labeling in wild-type, Y654E-, and Y654F--catenin-expressing neurons. Mean FM4-64 labeled area
(B) and intensity (C) are shown for each group, n  10 neurons for each group.
(D) Representative mEPSCs for each group.
(E and F) Summary data. n  8, n  9, and n  7 for wild-type, Y654E and Y654F--catenin expressing neurons, respectively.
Scale bar: 10 m in (A–D) and 20 pA and 100 ms in (E) and (F).
expressing neurons were associated with the largest sin-I data, these experiments suggest that changes in
-catenin’s localization in postsynaptic neurons canand most intense FM4-64 puncta, wild-type -catenin-
expressing neurons had smaller and less intense FM4- promote associated changes in presynaptic function.
To further explore the functional consequences of64 puncta, and Y654E-expressing neurons were associ-
ated with the smallest and least intense FM4-64 puncta. -catenin localization, we recorded miniature excitatory
postsynaptic currents (mEPSCs or minis) from neuronsTaken together with the immunohistochemical synap-
Neuron
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expressing wild-type -catenin or either -catenin point -catenin from dendritic shafts to synapses. Inhibiting
tyrosine phosphatase activity produced the oppositemutant (Figures 8D–8F). The frequency of mEPSCs re-
pattern: -catenin moved from spines into dendriticcorded in Y654F-expressing neurons was greater than
shafts. Moreover, inhibiting tyrosine phosphatase activ-that of either the wild-type or Y654E-expressing neu-
ity blocked the-catenin redistribution induced by eitherrons, which did not differ significantly from one another
depolarization or tyrosine kinase inhibition. These re-(Figures 8D and 8E). In contrast, the amplitude of the
sults strongly suggest that the depolarization-inducedmEPSCs recorded from neurons expressing different
-catenin redistribution and increased association withversions of -catenin did not differ between groups (Fig-
cadherins are achieved by regulating tyrosine phosphor-ures 8D and 8F). These results show that redistribution
ylation.of -catenin molecules, from dendritic shafts to spines,
One prediction of this model is that one should becan also drive changes in synaptic strength. The in-
able to detect the basal tyrosine phosphorylation ofcrease in synaptic efficacy observed in Y654F-express-
-catenin and that this phosphorylation should be de-ing neurons fits well with the increase in the size of both
creased by neural activity. Unfortunately, our efforts tothe PSD-95 and synapsin-I clusters observed in neurons
test this prediction were unsuccessful because underexpressing the same mutant. Given the less intense syn-
control conditions, Western blot analysis did not revealapsin-1, PSD-95, and FM4-64 puncta in Y654E-express-
tyrosine phosphorylation of endogenous -catenin. Weing neurons, we were surprised that there was no reduc-
believe this is a technical limitation that might be re-tion in minifrequency or amplitude detected. It may well
solved with more sensitive reagents. We were able tobe that there are changes, for example, in evoked synap-
demonstrate that incubation with a Tyr phosphatasetic transmission that we do not address here. Alterna-
inhibitor resulted in a detectable amount of tyrosine-tively, the lack of reduction in synaptic transmission may
phosphorylated-catenin in hippocampal neurons (dataindicate that synaptic strength at these connections is
not shown), suggesting the presence of an endogenousalready at the floor; further decreases might result in
and constitutively active phosphorylation mechanism.the complete silencing or functional withdrawal of the
Together with the point mutation experiments, our datasynaptic connection.
suggest that neural activity enhances the affinity of
-catenin for cadherin by a mechanism that includesDiscussion
decreasing the phosphorylation level of -catenin on
tyrosine residue(s). The observation that synaptic activ-Activity-Induced Changes in -Catenin
ity can cause a redistribution of -catenin that enduresLocalization—Regulation of Tyrosine
for at least 90 min suggests that a dynamic balancePhosphorylation
between tyrosine phosphatase and kinase activity canThe recruitment of actin filaments to adhesion sites is
be persistently altered.required for cadherin adhesive activity (Nagafuchi et
Several tyrosine kinases that can phosphorylateal., 1994). -catenin, which mediates the association of
-catenin and regulate its association with cadherincadherin with actin filaments, is an important regulator
have been identified, including members of the Src and
of cadherin adhesion. The data presented here demon-
EGF family of receptor tyrosine kinases (Behrens et al.,
strate that neural activity enhances the affinity of the
1993; Bonvini et al., 2001; Hamaguchi et al., 1993; Hazan
endogenous, synaptic -catenin for cadherin. The result
and Norton, 1998; Matsuyoshi et al., 1992; Roura et al.,
fits well with the observation that depolarization in- 1999). In addition, -catenin phosphorylation is con-
creases concentration of endogenous -catenin at syn- trolled by the phosphatase activity of PTP	 (Fuchs et
aptic sites, as shown by immunolabeling. The depolar- al., 1996), PTP1B (Balsamo et al., 1998), and LAR (Kypta
ization-induced sequestration of -catenin at synaptic et al., 1996; Muller et al., 1999). The close association
sites was not blocked by a protein synthesis inhibitor, of a mammalian LAR with the postsynaptic complex
suggesting that it represents a redistribution of preex- in hippocampal neurons has recently been observed
isting molecules. Indeed, in the overexpression experi- (Wyszynski et al., 2002). Interestingly, in Drosophila, pre-
ments in which we are able to detect GFP--catenin in synaptic LARs can modulate the size of the active zone
the dendritic shaft, the total GFP--catenin fluorescence and transmitter release (Kaufmann et al., 2002).
was not altered by depolarization. The-catenin redistri- We found that a point mutation of a single tyrosine
bution induced by depolarization was persistent and residue was sufficient to alter -catenin’s localization:
blocked by NMDA-receptor antagonists, implying a re- Y654E (phosphorylation-mimic) was concentrated in den-
quirement for intracellular Ca2. dritic shafts, whereas Y654F (phosphorylation-inhibited)
The activity-dependent decrease in -catenin phos- was predominantly localized in dendritic spines (Figure
phorylation is likely due to local inhibition of a tyrosine 9). In addition, Y654E mutants did not undergo either
kinase and/or activation of tyrosine phosphatase. In KCl- or genistein-induced redistribution, suggesting that
other systems, tyrosine phosphorylation of -catenin a tyrosine residue (at position 654) that can be dephos-
residues reduces its affinity for cadherin (Roura et al., phorylated is necessary. Surprisingly, Y654F mutants
1999) and, as a result, reduces cadherin-mediated adhe- exhibited further redistribution upon exposure to KCl or
sion (Muller et al., 1999; Pathreet al., 2001; Sommers et genistein. This observation indicates that, in addition to
al., 1994). Here, we demonstrated that incubation with regulating the tyrosine phosphorylation state of Y654
the tyrosine kinase inhibitor genistein increased the con- on-catenin, there exists another mechanism for driving
centration of endogenous -catenin at synaptic sites, -catenin into spines. The genistein-induced redistribu-
as well as increasing its association with synaptic cadh- tion of Y654F indicates that there is an additional tyro-
sine phosphorylation site that can be regulated. Thiserins. Genistein also induced a redistribution of GFP-
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cadherin (6B) resulted in the reduction of PSD-95-posi-
tive areas (Honjo et al., 2000). These data suggest that
the size and density of the PSD can be either increased
or decreased by the phosphorylation state of -catenin.
Changing the localization of -catenin via a point
mutation was also sufficient to drive changes in the
synapsin-I pattern as well as the FM4-64 labeling in
presynaptic terminals that make synapses onto the
-catenin-expressing neuron: the increased spine local-
ization of -catenin observed in Y654F-expressing neu-
rons was accompanied by an increase in the size and
intensity of associated synapsin-I-positive and FM4-64
clusters. Conversely, the decreased spine localization
of-catenin observed in Y654E-expressing neurons was
accompanied by a decrease in the size and intensity
of associated synapsin-I-positive and FM4-64 clusters
(Figure 9). The size and intensity of the synapsin-I-posi-
Figure 9. Scheme of -Catenin’s Redistribution following Synaptic tive clusters we identified likely reflect the size of the
Activity or Mutation of Tyrosine 654
vesicular pool (DeCamilli et al., 1983; Huttner et al.,
The symbols in the diagram represent the following: cadherin di-
1983). The positive relationship between-catenin spinemers, blue bars; -catenin, white circles; the PSD, pink oval; synap-
concentration and synapsin-I clusters may be mediatedtic vesicles, yellow spheres. Conditions that lead to the phosphoryla-
by increases or decreases in -catenin-cadherin inter-tion of -catenin or mimic the phosphorylation (Y654E) may result
in decreased -catenin cadherin interactions, decreased adhesion, actions that in turn increase or decrease cadherin-medi-
and decreases in the PSD and the synaptic vesicle pool size of ated adhesion. These data suggest that postsynaptically
associated presynaptic terminals. Conversely, synaptic activity or driven changes in cadherin interactions can influence
conditions that favor a dephosphorylated state for -catenin lead the number of vesicles and the efficacy of associated
to increased association with cadherins, increases in the PSD, and
presynaptic terminals.increases in the synaptic vesicle pool size of associated presynaptic
Increasing the concentration of -catenin in spinesterminals.
(via the Y654F point mutation) increased the frequency,
but not the amplitude, of mEPSCs. Since the the size
and intensity of FM4-64 labeling was also increased insite may exist in -catenin (e.g., Roura et al., 1999),
the Y654F mutant, the increase in minifrequency wecadherin (Ozawa and Kemler, 1998), or another mole-
observed may be due to an increase in the probability ofcule. It is possible that the additional redistribution of
neurotransmitter release (Fatt and Katz, 1952; MalgaroliY654F is achieved by increasing the availability of syn-
and Tsien, 1992). This idea is also supported by theaptic cadherins. For example, KCl or genistein might,
increase in the size and intensity of synapsin-I clustersin addition to regulating the tyrosine phosphorylation
also observed at the synapses made on Y654F-express-state of -catenin, also make more synaptic cadherins
ing neurons. Alternatively, the increase in mEPSC fre-available for binding -catenin. Nevertheless, the obser-
quency could result from the conversion of presynapti-vation that Y654E mutants failed to exhibit stimulus-
cally (Choi et al., 2000; Gasparini et al., 2000; Renger etinduced redistribution while Y654F mimicked the depo-
al., 2001) and/or postsynaptically (Montgomery et al.,larization-induced redistribution suggests that tyrosine
2001) silent synapses to active synapses. The increasephosphorylation of -catenin is critical.
in the PSD-95 area observed in Y654F-expressing neu-
rons may represent an expansion of the PSD.
Functional Consequences of -Catenin Although central synapses can exhibit variable
Localization shapes and sizes (Harris and Kater, 1994; Harris and
A point mutation in -catenin that increased its localiza- Stevens, 1989a, 1989b; Schikorski and Stevens, 1999),
tion in spines resulted in expanded areas of PSD-95 they possess the remarkable ability to “size match” con-
protein clusters within the spines (Figure 9). PSD-95 is nected presynaptic and postsynaptic protein elements.
a major protein of the postsynaptic density (PSD) (Cho In electron micrographs, measurements of vesicle num-
et al., 1992); as such the observed increase in the size ber or the size of the presynaptic active zone are always
of PSD-95 clusters may indicate an increase in the PSD well correlated with the area of the postsynaptic density
size. This expansion may be due to an increase in the and the volume of the spine head (e.g., Harris and Ste-
synaptic contact area afforded by the enhanced cadh- vens, 1989a, 1989b; Schikorski and Stevens, 1999). This
erin-adhesion that is driven by an increased association size matching between the presynapse and post-
with -catenin (Ozawa and Kemler, 1998; Roura et al., synapse indicates the ability for bidirectional morpho-
1999). In neurons that expressed the Y654E--catenin logical and likely, functional, scaling. Recently, a role
mutant in which the protein was localized predominantly for integrins in mediating presynaptic and postsynaptic
in shafts, there was a decrease in the intensity of the maturation has been reported (Chavis and Westbrook,
PSD-95 clusters relative to neurons overexpressing 2001). Cadherins are also attractive candidates to medi-
wild-type -catenin. This Y654E-induced reduction in ate this synaptic matching—they are present in both
PSD intensity may reflect a decrease in cadherin-medi- presynaptic and postsynaptic compartments and they
ated adhesion. In support of this idea, another study self-associate, forming bridges across the synaptic
junction (Shapiro et al., 1995; Tamura et al., 1998). Thereported that blocking the activity of a specific neuronal
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PacI digestion and used to perform in vitro transcription. The virusdata we present here are consistent with this role: a
was generated in BHK cells. All results were confirmed by DNApostsynaptically driven change in -catenin, which in-
sequencing.creases its association with cadherin, promotes changes
locally in spines, as well as in the presynaptic compart-
Cultured Neurons
ments linked with the -catenin-containing spines. Dissociated hippocampal neurons from postnatal day 2 rat pups
The binding of - and -catenin to cadherin is the were plated at a density of 40,000–50,000 cells/cm2 onto poly-lysine
earliest known event in cadherin-mediated cell-cell ad- and laminin-coated coverslips. Cultures were maintained in growth
medium (Neurobasal-A supplemented with B27 and GlutaMax-1) forhesion, forming focal cadherin-cadherin interaction
18–28 days before use. Recombinant DNA was introduced bysites that are subsequently linked into expanded contact
sindbis virus infection in the growth medium 18–24 hr before im-areas (Adams et al., 1996). Because changes in -cat-
aging.
enin-cadherin affinity increases cadherin adhesion
(Ozawa and Kemler, 1998; Roura et al., 1999), our results Time-Lapse Image Acquisition and Analysis
suggest that synaptic activation can enhance cadherin- HEPES-buffered saline (HBS) containing 110 mM NaCl, 5.4 mM KCl,
cadherin interactions at synapses; the consequences 1.8 mM CaCl2, 0.8 mM MgCl2, 10 mM D-glucose, and 10 mM HEPES-
NaOH (pH 7.4), (osmolarity adjusted to 290 Osm with sucrose) wasof which include alterations in both postsynaptic and
used for imaging. For KCl stimulation, high-KCl-HBS (same as HBSpresynaptic proteins and a change in synaptic efficacy.
except for 55 mM NaCl and 60 mM KCl) was added either by perfu-We propose that regulated tyrosine phosphorylation and
sion at a rate of 1.5 ml/min or by bath application for 5–7 min.
dephosphorylation of -catenin can serve as a switch Genistin (Sigma) and genistein (Calbiochem), were used at a final
to increase or decrease cadherin-mediated adhesion concentration of 50M; Cytochalasin D (Calbiochem), 10M; latrun-
and, as a result, change the strength of synaptic trans- culin A (Sigma), 10 M; sodium orthovanadate, 1 mM. (In some
experiments, to isolate the effect of orthovanadate, neurons weremission. We have identified a brief period of depolariza-
also incubated in anisomycin (40 M) for 1 hr prior to t  0 totion as a stimulus that appears to tilt the dynamics of
reduce the contribution of newly synthesized EGFP--catenin). Ittyrosine kinase/phosphatase activity toward a dephos-
was confirmed that incubation in 0.2% DMSO from stock solutions
phorylated state for -catenin; presumably there exist did not affect the EGFP--catenin distribution in neurons. Images
other stimuli which favor phosphorylation and, hence, were acquired by an Olympus AX70 CCD microscope with a 63

decreased cadherin-adhesion. These observations sug- water emersion objective lens at room temperature. A mercury lamp
was used for excitation. Excitation filter, 480  40 nm; emissiongest that cadherins can serve as mechanical messen-
filter, 535  50 nm (Chroma 41001). All images were taken with a 2 sgers, relaying information about local spine activity
exposure. For time-lapse imaging, the major dendrites of pyramidal-across the synaptic cleft to bring about coordinate
shaped neurons were selected for analysis. A 50 m segment of
changes in the presynaptic terminal. each dendrite at a fixed distance from the soma was analyzed using
Image J. The mean pixel value (mpv) of each area was used to
calculate the total fluorescence intensity. Every dendritic spineExperimental Procedures
within the area was analyzed by measuring the mpv within a circle
(1.4 m diameter) surrounding it. The mpv of the dendritic shaftGeneration of Sindbis Virus Expressing Wild-Type
was also measured to calculate the fluorescence intensity of theand Mutant EGFP--Catenin
shaft region. The background mpv obtained from the region whereFull-length chicken -catenin cDNA subcloned into pUC19 was pro-
only noninfected cells were located was subtracted from each calcu-vided by Dr. K.R. Johnson (University of Toledo). For EGFP-
lation. The photobleaching of EGFP due to repeated imaging was-catenin, a BamHI site was introduced immediately upstream of
removed from the analysis by normalizing pixel values with a stan-the start codon by replacing the BamHI-StuI fragment with PCR
dard photobleaching curve. To obtain this curve, 2 s images of theproducts (5-GGGATCCTGGCAACCCAAGCTGAC-3 and 5-GCG
EGFP--catenin signal from a neuron were made during continuousCTGCCGGAATCC-3), and the BamHI-EcoRI fragment was sub-
exposure to light, using the same filter set as that used during time-cloned into BspEI-EcoRI sites of pEGFPC1 vector (Clontech) after
lapse experiments. Then, the relative fluorescence intensity of theboth BamHI and BspEI sites were blunted. This resulted in the
same area was plotted by total exposure time. The data pointsfollowing joint sequence: 5-TCCGGGATCCTG-3, corresponding to
were fit by an exponential function, which yielded a half decay timeSer-Gly-Asp-Leu between EGFP and -catenin. The NheI-ApaI frag-
caused by photobleaching of T1/2  62 s. For the analysis of Westernment was then subcloned into the XbaI-ApaI sites of pSindRep5
blots, the mpv of each band was calculated using Image J aftervector (Invitrogen). For EGFP-d49 -catenin, a BamHI site was intro-
the image was scanned and imported to Adobe Photoshop. In theduced into the instant upstream of the codon for Gly-50 by replacing
analysis of the Y654 mutants, the spine/shaft ratio of -cateninthe BamHI-StuI fragment with PCR product (5-GGGATCCAAG
distribution was calculated for each group, normalizing the data toGAAATCCTGAAGAG-3 and 5-GCGCTGCCGGAATCC-3), and the
the ratio observed in neurons expressing wild-type EGFP--catenin.BamHI-EcoRI fragment was subcloned into BamHI-BglII sites of
Statistical significance was assessed using the Student’s t test, withpRSETB vector (Invitrogen). The NheI-BglII fragment of pEGFP was
paired or unpaired comparisons, as appropriate.then subcloned into the NheI-BamHI sites after the BspEI site of
pEGFP was blunted and ligated. The resulting joint sequence was 5-
TCCGGCCGGACTCAGATCCAA-3, corresponding to Ser-Gly-Arg- Immunoprecipitation
Hippocampal slices (300 m) from 5- to 6-week-old male Sprague-Thr-Gln-Ile-Gln between EGFP and d49 -catenin. The NheI-EcoRI
fragment was subcloned into XbaI-StuI site of the pSindRep5 vector Dawley rats were recovered at room temperature for 1.5 hr on filter
paper placed over a tissue culture dish containing oxygenated artifi-after the EcoRI site was blunted. For EGFP-Y654E (and Y654F)
-catenins, the QuickChange site-directed mutagenesis kit (Stra- cial cerebral spinal fluid (ACSF) (119 mM NaCl, 2.5 mM KCl, 1.3 mM
MgSO4, 2.5 mM CaCl2, 1.0 mM NaH2PO4, 26.2 mM NaHCO3, andtagene) was used. Point mutations were created from EGFP-
-catenin using the following primers: 5-GGTGGTGCAACAGAG 11.0 mM D-glucose). Then, the slices were incubated in either oxy-
genated ACSF or high-KCl-ACSF (same as ACSF except for 61.5GCAGCTGCAGTG-3 and 5-CACTGCAGCTGCCTCTGTTGCACC
ACC-3 for Y654E, and 5-GGTGGTGCAACATTTGCAGCTGCA mM NaCl and 60 mM KCl) for 30 min, then placed for 1.5 hr on filter
paper for recovery. (For genistein, the slices were incubated forGTG-3 and 5-CACTGCAGCTGCAAATGTTGCACCACC-3 for Y654F,
where the mutated bases are indicated with italicized type. The 2 hr on filter paper over the oxygenated ACSF containing 50 M
genistein). The slices were homogenized in 300 l of lysis bufferNheI-ApaI fragment was subcloned into the XbaI-ApaI sites of
pSindRep5. The recombinants of sindbis virus were prepared using (150 mM NaCl, 1% NP-40, and 50 mM Tris-HCl [pH 8.0]) containing
a protease inhibitor cocktail (Roche) on ice and centrifuged at 12,000a sindbis virus system (Invitrogen). The plasmid was linearized by
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rpm for 10 min at 4C. For preparation of synaptosomes, the slices above. After perfusion with HBS at 1.5 ml/min for 30 min, 5 ml of
were gently homogenized in 0.32 M sucrose, 5 mM HEPES, 0.1 mM high-KCl-HBS (containing 2 mM FM4-64) (Molecular Probe) was
EGTA, 0.25 mM DTT (4 up-down strokes using a glass homogenizer), applied, followed by wash with HBS for 30 min by perfusion at
and centrifuged at 3500 rpm for 10 min at 4C. The supernatant was room temperature. The fluorescent signal was obtained by confocal
used for differential and discontinuous percoll gradient centrifuga- microscope using the excitation and filter set for Cy3. Images were
tion (Meffert et al., 1994). 300 l of lysis buffer containing protease analyzed as described above for PSD-95 and synapsin-I.
inhibitor was added to the purified synpaptosome and rocked on
ice for 30 min, followed by centrifugation at 12,000 rpm for 10 min Electrophysiology
at 4C. Monoclonal anti-cadherin, CH-19 (pancadherin) antibody Recombinant DNA was introduced to dissociate cultured neurons
(Sigma), was used for immunoprecipitation. Western blot analysis by sindbis virus infection in growth medium, as described above,
was performed with monoclonal anti--catenin antibody, 15B8 18–24 hr before electrophysiology. Whole-cell recordings were
(Sigma), or pancadherin CH-19 antibody as primary antibodies and made from GFP-expressing cells in HBS containing 1 M tetrodo-
with peroxidase-labeled anti-mouse IgG antibody (Amersham Phar- toxin and 50M picrotoxin using the single-electrode voltage-clamp
macia Biotech) as a secondary antibody. mode (Axoclamp 2C). Series resistance was measured and experi-
ments were excluded if there was a change greater than 15% during
Immunostaining and Image Analysis the course of the experiment. Internal solution consisted of 100 mM
Recombinant DNA was introduced to neurons by sindbis virus infec- cesium gluconate, 10 mM BAPTA, 5 mM MgCl2, 2mM adenosine
tion in growth medium 18–24 hr before imaging, as described above. triphosphate, 0.3 mM guanosine triphosphate, and 40 mM HEPES.
After three washes with phosphate-based saline (PBS), the neurons Miniature EPSC amplitude and frequency were analyzed using in-
were fixed with PBS containing 4% sucrose and 4% paraformalde- house software.
hyde for 20 min on ice, permeabilized with chilled methanol for 10
min on ice, followed by incubation with PBS containing 0.1% Triton
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